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Abstract
A simple model has been developed for heat transfer in fusion
reactor blankets with liquid breeding regions, allowing for natural
circulation and the presence of strong magnetic fields. The results
have been compared with the limited information available.
For typical fusion blanket dimensions and temperature differences,
natural circulation can be the dominant heat transfer mechanism
in the molten salt flibe even over 10 Tesla magnetic field strength;
it will increase heat transfer appreciably in the liquid lithium-
lead mixture Lil 7Pb83 for magnetic field strengths less than about
10 Tesla; and can be neglected in liquid lithium if the magnetic
field. is over 1 Tesla.
Nomenclature
B Magnetic field density, Tesla
C Defined in Eon.(21)
c p Specific heat at constant pressure, -1/kc-K
E Electric field strenqth, V/m
F Body force, N/m2
g Acceleration due to gravity, 9.8 m/s2
Gr Grashof number, Gr = gL 3p AT/I2
h Heat transfer coefficient, W/ m2-K
Ha Hartmann number, Ha = BL (a/w) 0.5
d Current density, A/m2
k Thermal conductivity. W/m-K
L Length scale, m
Nu Nusselt number, Nu hL/k
p Pressure, N/m2
Pe Peclet number, Pe = PrRe = pc vL/k
Pr Prandtl number, Pr = lc /k
q" Heat flux, W/m2
Ra Rayleigh number, Ra = GrDr
Ra c Critical Rayleigh number for onset of convection
Re Reynolds number, Re = pvL/i
Rem Magnetic Reynolds number, Rem = m avL
S Magnetic force coefficient, S = aL 2/Ov
T Temperature, K
v Fluid velocity, m/s
S Thermal coefficient of volume expansion, 1/K
AT Temperature difference, K
p Fluid density, kg/m 3
5 Average fluid density, kq/m 3
a Electrical conductivitY, 1/ohm-m
11 Viscosity, kg/m-s
1m- Magnetic permeability, aporoximately 47rxlO~
7 V-s2/C-m
Subscripts
H,C Hot, Cold
W,F Wall, Fluid
BL,NC Boundary Layer, Natural Circulation
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NATURAL CIRCULATION OF ELECTRICALLY CONDUCTING
LIQUIDS IN FUSION REACTOR BLANKETS
1. Introduction
Natural circulation in fusion reactor blankets containing liquid
breeding regions (and liquid coolants) is of interest in normal
operation, shutdown and accident states as a potential heat transfer
mechanism [1,2]. Since the most promising liquid breeding materials
(lithium, flibe and lithium-lead) are electrically conducting, the
magnetic fields in many reactor concepts will inhibit this motion.
In this paper, a simple model is developed for heat transfer in
fusion reactor blankets, allowing for natural circulation and the
presence of strong magnetic fields.
In the next sections, we review magnetic field effects, estimate
natural circulation velocities through simple force balances with
adjustments from some numerical analysis, calculate and compare
Nusselt number heat transfer correlations for electrically conducting
fluids in magnetic fields, and apply the results to fusion blanket
conditions.
22. Magnetic Field Effects
This section is a brief discussion of magnetic field effects on
a fluid. The basic assumptions are that the fluid is a continuum,
that it is locally electrically neutral, and that there are no large
relative motions of ions and electrons which could induce electric
fields or make the transport coefficients anisotropic [3,4,5].
The electromagnetic field introduces four forces: the pondero-
motive, electrostatic, magnetostrictive and electrostrictive forces.
The ponderomotive force arises from current crossing .magnetic field
lines as
F= J x B (1)
where F is the force (N/m2 ), J is the current density (A/m2 ), and
B is the magnetic field density (Tesla). The electrostatic force is
the usual electric field - charged particle interaction. The magneto-
strictive and electrostrictive forces arise from the elastic deform-
ation of the fluid. They are related to the variation in field
strength and, especially in uniform fields, to the variation in
magnetic permeability and dielectric susceptibility. These are
typically small forces, but not always negligible. For example,
the electric forces may be important in free convection of polar
liquids in strong electric fields - heat transfer from a heated wire
inside a water-filled horizontal cylinder is increased by 50% if a
strong electric field is applied between the wire and cylinder [3,4].
In the absence of an externally imposed current, currents can still
exist in a moving fluid according to the more general form of Ohm's law
J = a(E+vxB) (2)
where a is the fluid electrical conductivity (1/ohm-m), E is the
electric field strength (volts/m) and v is the fluid velocity (m/s).
This expression neglects anisotropic terms and Hall currents as is
reasonable at liquid densities. This current can produce a significant
ponderomotive force through Eqn. (1), and can itself create an electro-
magnetic field. The importance of these effects can be estimated by
means of three dimensionless parameters; the magnetic force
coefficient (S), the Hartmann number (Ha) and the magnetic Reynolds
number (Re m). These are defined as
3S = aB2L = ponderomotive forcepv inertia force
Ha2 = S Re = B2L2 Donderomotive force
Hy viscous force
Re. = 1mJL PmavL= induced maonetic field
B anlied maanetic field
where p is the fluid density (kg/m 3), L is a characteristic length
scale (eg. the radius of circular tube channel), Re is the usual Reynolds
number, 11 is the fluid viscosity (kg/m-s), and Um is the magnetic
permeability (p vX141xlO0 V-s2/C-m). In fusion reactor blankets, S
and Ha can be greater than unity, and Rem is usually small.
From conservation of charge, the steady-state current given by
Ohm's law must close on itself, either in the fluid to produce local
eddy currents, or through an external circuit. In forced convection
flow through a conducting wall channel, the current can return through
the walls, leaving a net decelerating force on the fluid. If the
walls are insulated, the eddy currents may be forced back through the
boundary layer, accelerating the flow there but resulting in little
net force on the fluid since the center is decelerated. This produces
a flattened "Hartmann" velocity profile. In more complex situations
such as 3-D natural convection cells, the corresponding current paths
may not be obvious and finding the self-consistent flow and current
patterns may require solving a more complete set of magnetohydro-
dynamic equations.
The energy equation in the presence of a magnetic field can
become quite complex. However, if magnetoelectrostriction is not
important, the only significant addition is a simple joule heating
term representing resistive dissipation of the current.
Some macroscopic consequences of these magnetic field effects are
the suppression of turbulence and changes in the stability of natural
circulation cells. In forced convection pipe flow, for example, the
Reynold's number for transition to turbulent flow is raised to
Re ' 500 Ha where Ha is the Hartmann number for the transverse magnetic
4field. The effect on natural circulation is not as easily quantified,
and the following brief review is intended mainly to show trends. For
a recent review of natural circulation in enclosures without magnetic
fields, see Catton [6].
In the classical problem of density-driven convection between two
infinite, rigid, horizontal plates with the lower one heated, the
transition from static fluid to laminar 2-D rolls occurs at a critical
Rayleigh number (Ra = Gr Pr) of Rac & 1700, to laminar 3-D cells around
Ra n. 20000, and to turbulent 3-D flow for Ra from 5x10 4 to 106 [7,8,9].
A magnetic field delays these transitions, for large fields, Rac ' Ha2 [10].
Adding vertical side walls also raises Ra c, one study estimated this
effect as Rac ,, 1300 L/V0.33 where L is the vertical height and V is the
volume [11]. However, a compensating destabilizing factor in fusion
blankets is that the heat source is internal. This could reduce Rac by
as much as a factor of three based on the hot spot to wall temperature
drop [12]. Even the size of the cells is affected by the magnetic field,
one study suggesting a decrease with increasing field strength [10].
53. Natural Circulation Velocity
3.1 Order-of-magnitude estimate
Liquid breeding blanket designs remove heat by actively circulating
the breeding material itself [13], or through a separate array of internal
[14] or external [1] forced convection coolant tubes. In the latter cases,
energy is deposited volumetrically by fusion neutrons and conducted
through the breeding material to the coolant. Under the action of
gravity (and depending on the orientation of the tubes), the resulting
temperature distribution can give rise to natural circulation in the
breeding material and enhance heat transfer.
However, as the previous section indicated, the presence of a
strong magnetic field introduces new effects. For liquid lithium,
flibe and Li Pb83 in a fusion reactor blanket with steady, relatively
uniform magnetic fields and no imposed currents or electric fields,
the most significant new term is the ponderomotive force
F = J x 8 = a(v x B) x B (6)
The Navier-Stokes equations for an incompressible fluid (although
small density variations will be included in the gravity body force)
can be written as
p(a- + v-Vv) = F - 7 + 2v (7
where, for fusion reactor blanket conditions, the general body force F
is the local gravity force (.g_, where o is the local density) plus the
ponderomotive force, Eqn. (6). If we assume steady-state (;/;t = 0)
and approximate VP as the hydrostatic pressure gradient (pg, where p
is the average density) then Eqn. (7) becomes
pv-vv = (P-5)9 + a(vxB)xB + unv ()
In general, the solution of this momentum equation plus the mass and
energy equations yields a three-dimensional flow pattern. However,
to estimate the flow velocity we can simply use the force balance implied
by Eqn. (8) to obtain the correct scaling. A plausible flow pattern
is indicated in Figure 1, showing that the induced currents can close
on themselves through conducting side walls or the side wall boundary
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Figure 1. Possible circulation pattern showing induced
current and ponderomotive force directions for a natural
circulation cell in a magnetic field.
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7layers. Note that the two horizontal legs of the flow loop are
parallel to the field so that they generate no current or force.
From Eqn. (8), the buoyancy force accelerating the flow is
balanced by the inertial, ponderomotive and viscous forces. So,
for an order-of-magnitude estimate,
2 PATq 
- vvB2
-l~o L
where 3P -- 
- is the thermal coefficient of exnansion;
AT is the driving temperature difference (between hot and cold regions);
L is a length scale (the distance between hot and cold regions).
Solving Eqn. (9) for the velocity,
v L ( + ){ 2 + 4qAT/L 2 1/22[.2+ 2 2 21 (o
pL (v/pL +aR /o)
In practice, Eqn. (10) has two simple limits because of the fairly
small viscosity of lithium, flibe and Li17Pb83 at reactor blanket
conditions (Gr >106 for cases studied here). For a small magnetic
field, the steady-state velocity is just a balance between inertia and
buoyancy, yielding
v n /LAT (11)
For large magnetic fields, the flow velocity is small so that the
inertia term can be neglected, and the balance is between the buoyancy
and the ponderomotive forces, yielding
v nu pgtAT/oB2
3.2 Numerical Analysis
The simple analysis presented above is expected to overestimate the
flow velocity (and so the heat transfer) since it only considers the
force balance in the buoyancy-driven section of the natural convection
cell and ignores resistance to flow in the other sections. A numerical
approach was investigated to account for full flow loop effects. In
particular, the three-dimensional fission reactor thermal-hydraulics
code THERMIT was modified to handle liquid lithium and liquid flibe
blanket cooling in the presence of a steady, uniform magnetic field.
8THERMIT existed for water and sodium coolants, and the new versions were
obtained by adding the ponderomotive force to the liquid momentum equations
and changing the fluid properties. The present water version of
THERMIT is described in detail by Kelly and Kazimi [15], the sodium
version by Wilson and Kazimi [16], and the lithium and flibe versions
by Gierszewski et al [17]. The results of the code calculations are
assumed applicable to the low Prandtl number liquid Lil 7Pb83.
The geometry used in the calculations is shown in Figure 2a. The
blanket section was modelled with nine fluid mesh cells with a heat
source in the bottom and a heat sink in the top middle cells, a
situation which sets up an unstable density gradient. The sides,
bottom and top side walls were adiabatic and impervious, while the top
middle cell had a constant pressure boundary condition to allow for
expansion. Viscous forces at these boundaries and within the fluid
itself were neglected.
A steady-state circulation pattern is shown in Figure 2b. The four-
cell patte.rn is a consequence of the source/sink placement in the large
grid, 2-D system. More careful modelling could use the small grid, 3-D
capabilities of the code, but the present approach provided a first
order correction to Eqn. (10) to account for flow resistance around the
full circulation cell.
3.3 Comparison of Velocity Estimates
The calculated velocities for sodium, lithium and flibe are given
in Table 1. The input power is the total power flowing through the
module from source to sink. For a given power, the steady-state
temperature difference was calculated using THERMIT. AT is the driving
temperature difference between the center cell and the source or sink
cells, over a distance L. The THERMIT velocity is the flow velocity
across this boundary. Average fluid properties are given in Table 2.
The calculated velocities show the expected behaviour of decreasing
as the magnetic field increased or the temperature difference decreased.
95kWL=0.1m
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Figure 2.(a) Representative blanket module showing nine fluid
mesh cells and source/sink placement.
Figure 2.(b) Steady-state circulation pattern for lithium with no
magnetic field, showing interface flow velocities (mm/s) as arrows
and cell average temperature changes (K) in upper left corners.
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Table 1. Calculated values of convection velocity
Magnetic Input AT Convection velocity (mm/s)
field power (K) Eqn. (10) THERMIT
(T) (kW)
Sodium (L = 0.1 m)
0. 5. 19. 75. 23.
0.5 4.3 36. 12.
0.1 5. 170. 14. 1.9
0.3 5. 270. 2.4 0.2
Lithium (L 0.1 m)
0. 5. 51. 100. 18.
0.5 3.0 25. 8.5
0.05 0.63 11. 3.8
0.1 5. 190. 7.1 0.6
0.05 1.8 0.065 0.0064
0.3 5. 170. 0.70 0.07
0.5 17. 0.072 0.007
Flibe (L = 0.1 m)
0. 5. 7.6 39. 15.
0.1 5. 7.6 39. 15.
1.0 5. 9.8 39. 12.
10. 5. 69. 12. 1.3
0.5 9.7 1.7 0.19
0.05 1.0 0.17 0.02
20. 5. 93. 4.0 0.45
0.5 10. 0.43 0.051
0.05 1. 0.044 0.005
Flibe (L = 1.0 m)
5. 500. 85. 58. 6.7
5. 0.11 0.077 0.0085
10. 500. 11. 1.9 0.21
50. 1.1 0.19 0.021
ii
Table 2. Average fluid properties (900 K)
Property Lithium Sodium Flibe Li 17Pb83
k, W/m-K 52. 61. 1.0 22.
p, kg/m 3  472. 803. 1950. 9200.
y, kg/m-s 2.7x10 4 2.0x10 4  7.5x10-3  l..3x10-3
c J/kg-K 4190. 1250. 2350. 850.
a, 1/ohm--m 2.6x106 2.9x106 230. l.1x10 6
a, 1/K 2.lxlO 4 3.0x10 4  2.1x10 4  7.6x10-5
Pr 0.022 0.0041 17.6 0.050
Gr/L3 T, 1/m3-K 6.3x10 9  4.7x10 9  1.4x10 8  3.7x1010
Lithium, sodium and flibe properties are from Gierszewski
et al [18], some Li-Pb data from Sze et al [19] and the rest from
linear interpolation in atom percent composition between lithium
and lead properties.
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Lithium and sodium were strongly affected at only one Tesla while
flibe (because of its lower electrical conductivity) could tolerate
twenty Tesla for the same reduction in flow velocity.
Comparing the convection velocities (Table 1), the order-of-
magnitude estimates are higher by about a factor of three to nine.
The simple analysis is expected to overestimate the flow velocity
since, for example, it only considers the force balance in the
buoyancy driven section of the natural circulation cell and ignores
resistance to flow in the other sections. If we model this and any
other effects by decreasing the buoyancy force in the driving
section, then a reduction factor of about ten brings the two
velocity calculations to within about 40% of each other.
A number of assumptions were made in both approaches regarding
which electromagnetic effects could be neglected, and it is worth-
while to check these by calculating the dimensionless parameters
S, Ha and Rem, Eqn. (3) to (5). For the results iven in Table 1,
the magnetic force coefficient and the Hartmann number squared
ranged over 0 to 108, indicating that the ponderomotive force varied
from nonexistent to dominant with respect to inertial and viscous
forces. The magnetic Reynolds number was always less than 0.01, so
the neglect of induced magnetic fields was justified.
The flow Rayleigh numbers were all larger than 105 which should
be well above the critical value for initiation of natural circulation.
However, the convection pattern would probably not be simple, large
2-D rolls but more complicated, possibly turbulent, 3-D cells.
Consequently the calculated heat convection probably overestimates the
true heat transfer because of the large finite difference mesh size,
but underestimates since flow was constrained to laminar 2-D motion
rather than turbulent 3-D motion [6].
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4. Natural Circulation Heat Transfer
In fusion blanket design, we are not interested in the circulation
velocity per se, but rather in the heat transfer capabilities of the
blanket if natural circulation is possible. In this section, we develop
simple heat transfer models and compare them with the limited
experimental data and other analysis.
First consider heat transfer across two plates with hot and cold
wall temperatures THW and T CW, separated by a liquid layer of thick-
ness L. With pure conduction,
q = (T - T (13)L HW TciI)
For heat transfer by natural circulation, the enclosure is modelled as
a circulation cell connecting boundary layers at the hot and cold walls
(Figure 3). The fluid temperature at the two walls are THF and TCF and
are related to the heat flux by a boundary layer heat transfer
coefficient hBL,
q" = hBL (THWI - THF) = hBL (TCF - TC4) (14)
The internal heat transfer by convection is
Pyc
" 2 (THF - TCF (15)
where pv/2 is the mass flux circulating in the convection loop.
Combining Eqns. (14) and (15), heat transfer by natural circulation
alone is
hBL(Pvc /2)
q1 L p -(T -T(16)h BL + pvc HW - TCW
In practice, conduction and circulation can occur simultaneously. As
a first approximation, treat these two mechanisms as independent, so
q I %onduc1 + q"1 k hBLvcL(pvc /2)] (T T (17)
onduction convection L hBL + Pvc HW -CW
Then the effective Nusselt number for heat transfer across the enclosure is
Lq"/k NuBL(Pvc pL/2k)
Nu = (THW - TCW) + NuBL + (pvc L/k) (18)
HW C BLp.
r I
14
TNUBL COLD
TCF
L NUNC Nu
g - -
THF HOT
THW NUBL
Figure 3. Model for heat transfer across two plates separated by
a circulating liquid and adiabatic, non-conducting side walls.
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where NuBL = hBLL/k. Eqn. (18) reduces, as expected, to TIE = 1 for
pure conduction and to _IO , 0.5 NuBL for natural circulation dominated
by heat transfer resistance across the wall boundary layers.
Correlations are available for NuBL - for example, Gebhart [20]
gives the following expressions for a laminar boundary layer along a plate,
(1.1 Re0. 5 Pr0. 5  Pr a 1
BL 0.67 Re0. 5 Pr0. 33  Pr > 0.5
For steady-state natural circulation, we approximate the boundary
layer heat transfer by these correlations.
The internal natural circulation heat transfer is
pvc L Pe(
k 2(20)
where the Peclet number is also the ratio of convection heat transfer
to conduction heat transfer.
Since Pe = Pr Re, NuBL can also be expressed as NuBL C Pe0.5
where C o 1.1 for Pr << 1 and C \ 0.67/Pr 0 17 for Pr > 0.5. Thus the
net heat transfer, Eqn. (18) is
0.5 Pe 1.1RU 1 + Pe 0.5 C 0.67/Pr0 .17  Pr > 0.5 (21a)
where Pe (1 + Ha2) ftl+ 0.4 Gr 0.5 - 1 (21b)
(l+Ha )
from Eqn. (10) with the correction factor as discussed under Section 3.3,
Comparison of Velocity Estimates.
Eqn. (21) can be compared with other experimental results and
theoretical calculations. Consider three limits of magnetic field strength
relative to the buoyancy driving force: negligible magnetic field
effects (Ha << 1); small magnetic field effects (Ha >> 1 but Ha 4/Gr << 1);
and strong magnetic field effects (Ha >> 1 and Ha 4/Gr >> 1). Tables 3,
4 and 5 show the corresponding limits of Eon. (21) along with similar
limits obtained from analysis of available reports. The results of this
study are seen to be in general agreement with the literature.
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5. Heat Transfer in Fusion Blankets
In a tritium breeding fusion blanket, the heat source is
internal volumetric heating while the heat sink may be a forced
convection coolant passing through discrete tubes in the blanket.
Thus the situation is not one of heat transfer between hot and cold
walls, but between hot fluid in the blanket module interior and
the nearby cold coolant tube walls. The heat transfer model, by
analogy with Section 4, is natural circulation between a hot
fluid region THF and a cold fluid layer near a wall TCF, and then
across the boundary layer to the cold wall at T o.
The overall Nusselt number for heat transfer from hot fluid to
cooled wall is then
-u + NuBL(pvc L/2k) Pe/2Nu "o 1 + P = (22)__
NuBL + (pvc L/2k) 1 + Pe.5)/2C
where Pe and C are given in Eqn. (21).
Taking representative fluid properties from Table 2, Eqn. (22)
is evaluated as a function of AT and B and the results are shown
in Figure 4 for L = 0.1 m. Tu increases roughly as V so since
L is unlikely to be much larger than 1 m, the potential heat
transfer improvement is no more than about a factor of three.
The results show that natural circulation can be neglected in
lithium regions with B > 1 T, can increase heat transfer
appreciably even for B - 1 T in L 17Pb83, and is the dominant heat
transfer mechanism in flibe even over 10 T. (Note that the onset of
convection can be roughly estimated as Ra c %, Ha2 for large Ha.)
Natural circulation has generally not been treated in detail in
fusion reactor studies. It is therefore interesting to use the present
results to evaluate two studies that did consider natural circulation.
In Werner's lithium cassette blanket [1], the dimensions were chosen
partly so as to prevent natural circulation from depositing hot center
fluid on the coolant walls and possibly causing cyclic fatique problems.
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Figure 4. Nusselt number for heat transfer from hot interior fluid
to cold surface with Li 17Pb83, flibe or lithium Qnder typical fusion
blanket conditions. These curves are from Eon. (22).
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For L ,,, 0.03 m, AT - 100 K and B ,, 1 T, Eqn. (22) confirms that
no circulation is expected. However in the TCT Hybrid blanket
proposed by Aase et al [2], the flibe containing regions were
expected to have substantial circulation. For L ", 0.1 m, AT n 1000 K,
and B < 5 T, we indeed expect hu e 1 with circulation velocities on
the order of 0.1 m/s.
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6. Conclusions
A simple model has beenrdeveloped for heat transfer in fusion
blankets including natural circulation in the presence of strong
magnetic fields. The results compare reasonably with the limited
experimental data and other analyses described in the literature.
For typical fusion blanket dimensions and temperature differences,
we conclude that natural circulation can be the dominant heat transfer
mechanism in flibe even up to 10 Tesla magnetic field density, will
increase heat transfer appreciably even around 1 Tesla in liquid
Li17Pb83, but can be neglected in lithium regions with over 1 Tesla
magnetic fields.
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